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Abstract. We report on the design of a hybrid transport system for slow positrons
based upon the high-intensity magnetically transported positron beam, which
existed at the Brookhaven {BNL) high-flux beam reactor (HF8R) in 1986. The
resulting modified transport, incorporating an initial electrostatic stage followed by a
magnetic stage and completed by brightness enhancement moderation leading to a
final electrostatic section, represented the minimum alteration of the existing beam
to enable it to be used for crossed-beams differential scattering studies involving a
variety of atomic and molecular systems, including atomic hydrogen. While
subsequent developments at BNL obviated the need for this approach, a recent
proposal far constructing a very high-intensity positron beam at the Paul Scherrer
Institute (PSl), based upon magnetic confinement premoderation, has rekindled

interest in the conclusions of our study.

1. Introduction

Since the early 1970s considerable effort has been
devoted to the development of monochromatic, low-
energy positron beams [1-16] for applications in con-
densed matter physics [13, 15] and atomic physics
[17-19]—in the latter case often serving purposes that
complement similar applications of electron beams [17,
19, 20], either polarized or unpolarized. Whether
incorporating moderation techniques [9, 12, 21, 22] or
not [19], the low-energy positron beams have generally
achieved their monochromaticity through the use of
magnetic fields to reject the unwanted high-energy con-
tamination [11, 12, 21, 23, 24]. Moreover, as Canter
[25] has pointed out, even experimental approaches
which do not incorporate truly monochromatic beams,
but which rely rather on the use of time-of-flight (ToF)
techniques [17, 26, 27] to discriminate against high-
energy positrons, have still almost always employed
magnetic guide fields for transporting and confining the
beam. Whiile TOF experiments have achieved remarkable
success, it is probable that future advances in positron-
atom scattering, particularly those involved with the
measurement of low-energy differential cross sections,
will increasingly utilize interaction environments that
are virtually free of magnetic fields. Indeed the first
experimental studies carried out under such conditions
have been reported within the last few years [28, 29].
As part of our goal to develop a positron—atom
scattering experiment capable of achieving the precision
normally associated with electron—atom scattering, we
were led several years ago to comsider the Brookhaven
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high-flux beam reactor (HFBER) intense, low-energy posi-
tron beam, which is produced through moderation tech-
niques. In its original configuration, the extraction optics
of the Brookhaven (BNL) beam and even the moderated
source itself resided in a magnetic environment. The
emittance requirements of a low-energy crossed-beams
geometry scattering experiment, however, dictated that
the final transport stage be electrostatic in nature. We
directed our efforts, therefore, towards adapting the
beam to our needs, since its intensity and energy reso-
lution were well suited to our future objectives. As we
will demonstrate it was necessary to couple the magnetic
transport to an initial electrostatic section in addition
to the final electrostatic stage. Although the calculations
are specific to our design requirements, the conclusions
that we draw about the constraints on such a hybrid
electrostatic-magnetostatic—electrostatic—(£BE)
transport system have more general applicability. In fact,
although developments at BNL precluded the instal-
lation of a hybnd systemt, we are motivated to publish
the results of our design study by a proposal to construct
a very high-intensity positron beam at the Paul Scherrer
Institute (PSI) based upon magnetic confinement pre-
moderation [30].

Hughes et al [31] have shown that the emittance ¢
of a beam in a magnetic field must be generalized to
T Shortly after our design had been completed it became necessary
to transfer the entire positron experiment to a new building at BNL.
The new beam was intended to serve for at least three separate
experiments. Electrostatic rather than magnetic deflectors were
chosen to select the experiment which received the beam at any time.
This choice, together with the scale and complexity of the project led

to a decision to use a complete electrostatic transport systen.
Consequently the design described above was not implemented.

197



F J Mulligan and M S L.ubell

include the effects of the magnetic vector potential which
appears in the expression for the cancnical angular
momentum. If, for example, a cathode is embedded in a
magnetic field of strength By, the generalized emittance,
g* of the resultant beam in a field-free region then
assumes the approximate form [317].

&* = por/Eo/E+¥efm)po*Boft) (1)

where pg is the radius of the electron beam at the
cathode, E, is its characteristic energy at the cathode, £
its energy in the field-free region, v its velocity in that
region, and -e and m are respectively the charge and
mass of the electron. The first term in equation (I} is the
usual non-relativistic, non-invariant emittance &, while
the second term is the field-dependent piece, which may
contribute substantially even for modest values of By,
provided v is small enough and py is large enough. For
many practical cases equation (1) thus demonstrates that
the cathode itself must reside in a region essentialty free
of magnetic fields, if the ultimate application of the beam
is at low energy and in an interaction region free of
magnetic fields. If a magnetostatic section is to be
employed for purposes of long-distance transport, the
beam line must then assame a hybrid EBE configuration.

For the purpose of design modifications that would
meet the needs of crossed-beams atomic physics [32],
we established the following positron requirements: 107
e* s7! within a radius p of 3mm and a divergence
(beam-plus-pencil half angle), o of 2° at an energy of
10 eV, corresponding to a non-invariant emittance g=
px of approximately 10 mrad cm at 10 eV or equivalently
to an invariant emittance & of 33 mrad cmeV!/2, We
further required that the energy of the beam be variable
between 1 and 500 ¢V and that the crossed-beams scat-
tering region be free of magnetic fields at the level of
100 mG. The magnetic field criterion for the scattering
region dictates the use of electrostatic beam optics for
the final stage of the transport system.

2. Design considerations

As developed by a consortium of physicists from AT&T
Bell Laboratories, BNL, Brandeis University and the
City College of CUNY, the Brookhaven beam in 1986
operated at an intensity of 10® e™ s~! and at 400eV
produced a beam spot 1.0 cm in diameter with a diver-
gence half angle of 2°. lis intrinsic energy resolution of
~ T5meV was more that adequate for most posi-
tron-atom collision studies. By contrast, its invariant
emittance & =¢,/E of 350 mrad cm eV'/? was about an
order of magnitude greater than that demanded by
typical crossed-beams scattering experiments. Moreover,
with the source of positrons residing in a magnetic ficld
of 20-50 G, the consequent inflation of its generalized
emittance ¥, made the beam totally inappropriate for
such experiments in its original configuration. A substan-
tial design modification was clearly required.

The relatively poor emittance of the existing beam
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strongly suggested the use of ‘brightness enhancement
remoderation’ [6, 33-377 to lower the value of & substan-
tially. Originally proposed by Mills [33], brightness
enhancement remoderation is a non-conservative process
in which the positron beam is first accelerated to reduce
its non-invariant emittance ¢ and then allowed to
impinge on a remoderator where the positions are
thermalized in the bulk of the solid. A fraction of the
positrons reach the surface and escape with an energy
of 1 to 2 eV, characteristic of the negative affinity of the
surface for positrons. There are now fewer positrons in
the beam [33, 36, 37] but the invariant emittance ¢ is
substantially lower,

Consistent with equation (1} and the definition of the
invartant emittance, &' can be expressed as

¢ = po(Eo/EV/E = po/Bg (2)

for a spot size of radius p, on the moderator and a
transverse escape energy E,. The acceptance criterion
established for the scattering experiment then translates
into a requirement of g, =0.75 mm for a maximum value
of Ey = 0.2eV}. Should such a radial dimension prove
to be impracticable, several stages of remoderation in
principle could be used to achieve the desired value of
¢'. However, since each added stage introduces added
complexity and, moreover, since each stage attenuates
the beam by at least 70% [33, 34, 36], we carried out
our design study with the objective of using a single
stage of brightness enhancement based upon thin film
transmission remoderation [38].

3. Experimental design

For the purposes of our study we assumed that the
source and extraction of the BNL beam would be altered
to accommodate magnetically field-free operation; this
was consistent with modifications which were being
made to the source region to take advantage of the high-
efficiency solid neon moderator which had just been
developed by Mills and Gullikson [9]. However, we also
assumed that the magnetic transport system would be
maintained causing a minimum disruption of the existing
beam line. Our task thus became the design of a hybrid
beam line, starting with an electrostatic (E) extraction
system, followed by a magnetostatic (B) transport sec-
tion, and culminating in an electrostatic (E) geometry
compatible with brightness enhancement remoderation.
We carried out our design study with the aid of the
SLAC electron (positron) ray-tracing code developed by
Hermannsfeldt [39].

As suggested by equation (1), the magnetic portion
of an EBE hybrid system should not affect the final phase
space of the beam, a conclusion that also follows by the
direct application of Busch’s theorem [40]. The theorem
states that an electron or positron travelling from a
point A to a point B in an axial magnetic field, where

1 This value is typical for emission angles of ~ 15% with respect to
the normal surface of a W(110) moderator, as shown by Mills [33].



the magnetic flux passing through two coaxial circles
drawn through points A and B may be different,
undergoes a change of angular momentum that is pro-
portional to that difference in the magnetic flux. Thus,
in contrast to the situation where a beam originating in
a magnetic field is ultimately used in a region free of
magnetic fields, the interjection of a magnetic transport
line between two magnetically field-free regions does not
change the magnetic flux between the initial and final
positions of the beam. Hence such a magnetic transport
systen does not alter the angular momentum or
invariant emittance of the beam.

For the electrostatic extraction from the source mod-
erator as well as from the downstream remoderator, we
adapted the modified Soa gun geometry described by
Canter et al [41]. We faced two choices for making the
trapsition to the magnetic field—either to use a gradual
transition, as would be the case with an air-core magnetic
coil, or to use a rapid transition, as would be the case
with iron termination plates. The former approach was
easier to model and in fact was suggested to us by a
number of people on the grounds that a slow transition
into a magnetic fleld would produce less aberration of
the beam. Contrary to this argument, we found that a
gradual transition distorted the beam substantially more
than did a rapid transition. Moreover, with the use of
termination plates we were able to place the remoderator
close to the exit point of the magnetic field, thereby
simplifying the design substantially. Figure 1 illustrates
schematically our resulting design approach.

We chose 10mm thick soft iron plates as field

MCDERATOR
MODIFIED SOA GEOMETRY
1o TERMINATION = }-10
mly PLATES -
REMODERATOR
. E B _\ E
r:--—-t | 20 _\{A
{ | -lT N i

r—4 75 14
oo al

ELECTROSTATIC MAGNETIC ELECTROSTATIC
INJECTOR INTERMEDIATE FINAL TRANSPORT
TRANSPORT

Figure 1. Schematic lay-out of the hybrid beam line,
showing the electrostatic (E) modified Sea gun injection
regicn, the magnetic (B) intermediate transport section,
and the electrostatic (E) final transport section including
the ‘brightness enhancement’ remoderation stage. All
dimensions are given in millimetres. It should be noted
that the length of the magnetic section depends upon the
beam energy {cathode voltage V) and guide field-strength
chosen and, as described in the text, may be incremented
in units of the helical peried corresponding to those
choices.
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Figure 2. (a) Model of magnetic field with iron termination
plates, showing field lines as calculated by the POISSON
code based upon ten energizing current loops. The
dimensions for the model are given in millimetres. (b)
Axial magnetic field plot for the terminated field shown in

(a).

terminators and used the computer code POISSON§ to
model the magnetic field. The choice of plate dimensions
is dictated by the requirement that the magnetic field
must not be allowed to saturate the iron, which would
then lead to leakage of field lines, thus defeating the
purpose of the terminating plates. The results of the
modelling appear in figures 2(a) and (b), the former
illustrating pictorially the field lines and the latter dis-
playing quantitatively the behaviour of the field along
the magnetic field. These results were obtained from a
vector potential array which is the basic output of the
poIssoN code and which, when properly formatted in
fact served as direct input to the SLAC/Hermannsfeldt
ray-tracing program.

In order to simplify the design analysis, we used the
tabulations of Canter er al [25] for the extreme rays
that correspond to different tuning conditions of the
modified Sca gun, always assuming a transverse energy
component E, & 0.2eV. A value of 2keV was chosen
as the beam energy to take advantage of the technique
of brightness enhancement in reducing the beam diam-
eter, without making the beam divergence unduly large.
Canter et al [41] pointed out that the process of reducing
the beam radius to the desired size by making use of the
beam emittance invariance is limited by the aberrations
that are encountered if the beam divergence is too large.
A figure of 10° has been established as an upper limit
§ The poisson code was originally written by RF Holsinger of

Lawrence Livermore National Laboratory and was subsequently
modified by others at CERN.
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for the beam divergence before aberrations become
prohibitively large. A beam energy of 2 keV and a radius
of 0.75 mm gives a divergence of ~6° for the BNL beam.

We scaled the tabulated Soa voltages appropriately
[25] and, with the upstream edge of the magnetic field
termination plate located 100 mm from the cathode
plane, we determined the (p, o) values of the extreme
phase space rays projected at the termination plate
entrance. One such pair of rays for 2 keV positrons is
represented by the two full circles at the corners of the
parallelogram on the idealized (p,x) phase space plot
shown in figure 3. Also shown in the figure are open
circles corresponding to a set of three non-extreme rays,
which we used to test the bounding character of the
gxtreme rays.

The resuits for the transport of the five phase space
points of figure 3 appear in figure 4, which illustrates
the ray tracing output of the SLAC,/Hermannsfeldt code
as applied to the first 440 mm of the terminated magnetic
field. The positron source moderator is assumed to be
at the origin in figure 4 and the terminating plate is
placed in the field-free region [25] a distance of 100 mm
downstream. The ray tracing starts at a point 86 mm
from the source moderator prior to entry into the
terminated magnetic field. The procedure described by
Canter [25] is used to determine the (p,x) starting values
of the traces. For the purpose of analysis, it should be
noted that the cusps that appear periodically for each
ray are artefacts of the output format shown: namely
radial against axial coordinate. The actual motion, of
course, is helical. Close scrutiny of either of the focal
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Figure 3. Idealized (p, ¢} phase space plot characterizing
a 2 keV (V,=2000 V) positron beam at the upstream edge
of the entrance termination plate. The full circles represent
the two exireme rays, while the open circles show a
sample of three intermediate rays used in testing the
calculations of Canter et a/ [41]. The letters on the circles
correspond to the propagated trajectories shown in

figure 4. For the plot shown, the modified Soa gun was
tuned for optimal operation at an axial magnetic field of

50 G as indicated on the right-hand vertical scale.
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Figure 4. SLAC/Hermannsfeldt [39] trajectory calculations
far 2 keV (V,=2000V) positrons entering the terminated
magnetic field with an axial value of 50 G, The [etters on
the circles correspond to the {p, «) phase space
designations at the upstream edge of the entrance
termination plate, as given in Figure 3. The axial
coordinate of the modified Soa gun cathede is taken to be
z=0. At the focal planes {z=250 mm and z=435 mm),
close inspection shows that the extreme rays (a) and (b)
bound the three remaining intermediate rays,

planes (z=250 mm, for example) shown in fgure 4
reveals that the extreme phase space points of figure 3
do indeed bound the problem.

We carried out a detailed analysis by varying both
the transport energy of the positrons and the strength
of the magnetic field for different tunes of the modified
Soa gun [41]. Gun tunings that resulted in large opening
angles for the bounding rays could only be used with
magnetic fields less than 30 G; otherwise reflection of
the positrons occurred at the entrance to the magnetic
field. We wanted to have the option of using a relatively
high magnetic field to provide the possibility of using a
curved solenoidal transport system. (The drift velocity
of the cyclotron guiding centre from the flux lines in a
curved solenoidal field is inversely proportional to the
strength of the magnetic field [6]). Gun tunings that
resulted in the smallest opening angles of the bounding
rays aliowed us to use magnetic fields as large as 200 G
without reflection of the positrons on entry to the
magnetic field. The beam radius at the remoderator on
exit from the magnetic field, however, was in excess of
the 0.75 mm limit, established in section 2, for these gun
tunings. An optimum gun tune with intermediate open-
ing angles was determined, in which it was possible to
use magnetic fields up to 100 G without reflection of the
positrons at the entry to the magnetic field.

It is well known that the axial distance travelled by
a charged particle in a uniform magnetic field, often
referred to as the pitch distance, is inversely proportional
to the field strength. When the pitch distance of the
positrons became comparable with the termination dis-
tance of the magnetic field, we eacountered difficulty in
extracting the bounding rays from the magnetic field.
An intermediate value of 50 G was chosen for the
magnetic field which satisfied all the criteria of the beam.
In this context, we note that a 2 keV beam inside a 50 G
guide field is consistent with the requirements of the
‘guiding centre approximation’ [19] and the preservation
of the relative phase of cyclotron orbits 6] in a curved



axial magnetic field, provided a mean radius of curvature
of at least 5 m is employed.

Figure 5(a) illustrates the passage of the two
bounding rays through the terminated magnetic field for
a transport energy of 2 keV, a magnetic field strength of
50 G, and a remoderator potential ¥.=0V. The two
transition regions between the magnetic and electrostatic
fields are the least well understood parts of the trans-
port—we have therefore concentrated most of our atten-
tion on these two sections, We determined conditions
which would ensure that the positrons could be success-
fully launched into the magnetic field and, following
transport by the magnetic field, could be extracted onto
a thin film transmission moderator in a region free of
magnetic fields. We have not attempied to follow the
paths of the positrons in the magnetic ficld, as we have
assumed that the positrons follow the usual helical paths
in an axial magnetic fleld. Figure 5(b) shows the corre-
sponding paths for a transport energy of 3keV, a
magnetic field of 50 G, and a remoderator potential V, =
+1kV. In both figures the periodic behaviour of the
beam inside the magnetic field is evident.

For the 2 keV, 50 G situation shown in Figure 5(a),
we found the optimum performance to occur with the
upstream edge of the exit termination plate positioned
170 mm downstream from the last focal plane inside the
magnetic ficld. Then with the remoderator biased at 0 V
and positioned 14 mm away from the downstream edge
of the exit termination plate we obtained a spot-size
radius of less than 0.75 mm on the moderator, which is

Hybrid beam design for slow positron transport

consistent with our design requirement. Moreover, as
we varied the potential on the remoderator ¥, between
0 and +500 V, the condition necessary for achieving the
required dynamic energy range for the remoderated
beam {assuming a crossed-beams interaction region at
ground potential), we found that the spot-size radius
varied by less than 5%. Thus for 2 keV transport, we
found a design approach that meets the needs we
established at the outset.

For the 3 keV transport case illustrated in Figure 5(b)
we found the optimum performance to occur with the
upstream edge of the exit termination plate positioned
200 mm downstream from the last focal plane inside the
magnetic field. We observed the smaliest spot size to be
slightly more than 1 mm in radius when the remoderator
wasg biased at+1000 V and positioned 18 mm away from
the downstream edge of the exit termination plate.

4. Conclusion

We have shown how a hybrid EBE positron transport
system was designed in conjunction with brightness
enhancement remoderation, for use in crossed-beams
low-energy positron—atom scattering experiments. The
EBE configuration is essentially a solution to the well
known problem of extracting a beam of positrons from
a magnetic field. Novel schemes for producing more
intense positron beams continue to encounter this prob-
lem [30]. Some of the principles we have examined,
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Figure 5. Magnetic transport trajectories calculated by the
SLAC/Hermannsfeldt [39] for the two modified Soa gun extreme rays
that correspond to optimal tuning conditions appropriate to a 50 G
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particularly those dealing with the magnetic field termin-
ation problem and the basic concept of the hybrid
approach, have clear application in this regard.
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